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Abstract 
The stability of cut slopes is greatly influenced by seasonal pore water pressure variations under 
the combined effect of rainfall and vegetation. However, predicting soil-atmosphere interaction 
is not straightforward, due to the complexity of both the boundary conditions involved and the 
hydro-mechanical behaviour of soils, which is coupled and highly nonlinear, rendering the use of 
numerical tools, such as finite element analysis, necessary. The paper discusses the numerical 
modelling of soil-atmosphere interaction and presents the analysis of a slope cut in London clay 
in a highly vegetated area. The whole life cycle of the slope is considered with phases of low 
and high water demand vegetation and vegetation clearance. The analysis results indicate that 
dense vegetation is associated with high factors of safety, but may induce large differential 
displacements which are likely to affect the serviceability of the slope. Vegetation clearance, 
however, may initiate instability, highlighting the need for effective vegetation management in 
order to achieve a balance between serviceability and ultimate limit states. Although the case 
considered is representative of South East England, it introduces the necessary tools for 
realistic numerical analysis of soil-atmosphere interaction.  
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Introduction 
It has long been established that one of the main factors affecting the performance of 
infrastructure slopes (cut and embankment slopes) is the magnitude and variation of pore water 
pressures (pwp’s), as they directly influence the effective stresses and, consequently, the soil 
strength and volumetric behaviour. Pwp variations may be due to consolidation/swelling if the 
slopes are constructed in low permeability clays, or to seasonal changes in the water balance, 
or to a combination of the two mechanisms. The hydro-mechanical coupling of soil behaviour 
adds to the complexity of the problem and renders the use of numerical tools such as Finite 
Element (FE) analysis particularly relevant.   
The present paper first discusses the tools necessary to model soil-atmosphere interaction and 
then focuses on FE analysis conducted in order to study the effect of seasonal pwp variations 
on the stability specifically of cut slopes in London clay. Although they may be constructed of 
the same parent material, cut and embankment slopes behave in a fundamentally different 
manner, due to (i) the different loading and consolidation conditions, and (ii) the different 
material behaviour exhibited, as London clay remains fully saturated in the case of a cut slope 
but is intrinsically unsaturated when compacted to form an embankment. Bishop and Bjerrum 
(1960) explained that for the case of slopes cut in low permeability, fully saturated clays, such 
as London clay, the factor of safety (FoS) against failure deteriorates with time as swelling and 
dissipation of tensile excess pwp’s take place post-excavation. Chandler (1984) added that the 
factor of safety may be significantly affected by the balance between the infiltration and actual 
evapotranspiration rates. For this reason, swelling and soil-atmosphere interaction need to be 
studied simultaneously. Atmospheric effects herein are restricted to pwp variations due to 
evapotranspiration and precipitation.   
Greenwood et al. (2004) explain that vegetation affects slope stability by altering the pwp’s and 
soil moisture within the soil mass through the process of evapotranspiration. Additionally, 
vegetation increases effective cohesion and reduces erosion. Finally, the weight of the plants 
themselves in the case of heavy trees may enhance stability or contribute to instability 
depending on their position on the slope (Greenwood et al. 2004). High demand for 
evapotranspiration during the summer drier months may dry the soil out to the point that 
desiccation cracks form, increasing its overall mass permeability (Li and Zhang 2011). Ng et al. 
(2001) demonstrated that soil permeability greatly affects the stability of a natural slope, as it 
influences the amount of water that infiltrates the soil during periods of precipitation. This is 
expected to be the case not only in natural slopes but also in engineered slopes. Ng et al. 
(2001) showed that the type of slope failure is influenced by the duration and intensity of 
precipitation, with deep-seated failures occurring after rainfall events of low intensity and long 
duration, and shallow failures after rainfall events of high intensity and short duration. 
Furthermore, O'Brien (2013) observed that deep seated failures are associated with modestly 
vegetated slopes and are likely to occur after wet periods, whereas dense vegetation is mainly 
associated with serviceability problems, which are likely to occur in the late summer when 
demand for evapotranspiration is high.  
It is evident that soil-atmosphere interaction affects both the stability and serviceability of cut 
slopes, through the combined effect of precipitation and evapotranspiration. Early attempts to 
incorporate the effect of soil-atmosphere interaction in numerical analysis were mainly focused 
on adopting a summer and a winter undrained shear strength profile for London clay (Vaughan 
1994) or summer and winter pwp profiles (e.g. Russell et al. 2000; Kovacevic et al. 2001; 
Nyambayo et al. 2004; O'Brien et al. 2004; Lees et al. 2013). An alternative approach employed 
in the literature (e.g. Krahn et al. 1989; Tsaparas et al. 2002; Blatz et al. 2004; Rouainia et al. 
2009; Rahardjo et al. 2012) consists of running two independent analyses: one for the 
calculation of pwp’s from meteorological, vegetation and permeability data and one for the 
calculation of slope stability from the obtained pwp’s. Although the latter approach has the 
advantage that pwp are calculated rather than prescribed, and as such the corresponding flow 
rates are consistent with the infiltration and evapotranspiration rates, this is a non-coupled 
approach. Nonetheless, soil behaviour is intrinsically hydro-mechanically coupled.  
A different approach to modelling soil-atmosphere interaction was followed herein; precipitation 
and potential evapotranspiration rates were applied as boundary conditions in a fully coupled 
hydro-mechanical finite element (FE) analysis. A typical cut slope in London clay, based on 
existing measured geometries and soil and atmospheric conditions, was considered and the 
effect that the induced seasonal pwp variations have on its stability and serviceability was 
studied. The Imperial College Finite Element Program ICFEP (Potts and Zdravkovic 1999), 
which adopts a modified Newton-Raphson solution technique with an error controlled sub-
stepping stress-point algorithm, was used. The code has previously been used to study the 
effect of vegetation on the progressive failure of embankments (Nyambayo 2003), and rainfall 
induced natural slope failures in Hong Kong (Smith 2003) and in Italy (Pirone 2009; Pedone 
2014).  
Modelling of soil-atmosphere interaction 
Vegetation  
Water demand for evapotranspiration varies throughout the calendar year, peaking during 
summer and reducing during winter, modifying the pwp’s within the ground accordingly. In order 
to predict the induced volume and strength changes in a boundary value problem, seasonal 
pore pressure profiles may be prescribed, matching field observations. Nonetheless, this 
simplification may lead to unrealistic water flows which cannot be achieved by vegetation. Root 
water uptake models (RWUM), simulating transpiration itself, provide a more accurate 
approach, where pwp’s rather than being prescribed, are calculated based on the available 
potential evapotranspiration rates and soil properties in a coupled hydro-mechanical analysis.  
Nyambayo and Potts (2010) proposed a non-linear RWUM which has been implemented in 
ICFEP. The model does not involve plant-specific parameters and can, therefore, be applied to 
a wide range of vegetation types. Potential evapotranspiration rates, 𝑇𝑝, are prescribed 
incrementally in the FE analysis and relate to how much water could be extracted from the 
ground if an adequate supply of moisture were available. To obtain the actual 
evapotranspiration rates, which are a fraction of the potential ones, the relationship introduced 
by Feddes et al. (1978) is employed:  
𝑆𝑎𝑐𝑐 =
2 ∙ 𝛼 ∙ 𝑇𝑝
𝑟𝑚𝑎𝑥
∙ (1 −
𝑟
𝑟𝑚𝑎𝑥
) (1) 
where: 
 𝑆𝑎𝑐𝑐 is a sink term incorporated in the continuity equation of fluid flow; 
 𝑇𝑝 is the potential evapotranspiration rate prescribed; 
 𝑟𝑚𝑎𝑥 is the maximum root depth for which the boundary condition applies and which also 
needs to be set; 
 𝑟 refers to the depth below the ground surface (Figure 1 a) and cannot exceed the value 
𝑟𝑚𝑎𝑥 (i.e. 0 ≤ 𝑟 ≤ 𝑟𝑚𝑎𝑥); 
 𝛼 is a suction dependent function as shown in Figure 1 (b). Its value is zero for suction 
levels lower than S1 (anaerobiosis point) and larger than S4 (wilting point) and equal to 
1.0 for suction levels between S2 and S3. It increases linearly between S1 and S2 and 
decreases linearly from S3 to S4. Suctions S1, S2, S3 and S4 are model parameters, 
input as evapotranspiration soil properties. As Nyambayo and Potts (2010) explain, the 
generally accepted magnitudes for S1, S2 and S4 are 0, 5 and 1500 kPa, respectively, 
while the value of S3 is not expected to have a significant influence on the overall soil 
behaviour and is, therefore, usually considered to be 50 kPa. As suction does not 
necessarily vary linearly with depth, neither does the sink term 𝑆𝑎𝑐𝑐. Nyambayo and 
Potts (2010) provide a detailed description of the model, its implementation and 
validation.  
This vegetation boundary condition was employed by Nyambayo (2003) in the boundary value 
problem of a railway embankment founded on London clay, and was shown to be essential for 
modelling the progressive failure frequently encountered in this type of geotechnical structure.  
 
 
Figure 1: (a) Assumed shape of root extraction function in the rooted zone when α=1; b) Linear variation of the 
actual transpiration function 𝛼 
 
 
Precipitation  
The effect of rainfall was modelled herein employing the so-called precipitation boundary 
condition available in ICFEP (Smith 2003; Smith et al. 2008). This is a dual condition that is 
applied at the nodes along a boundary and enables the simulation of rainfall on the soil surface; 
it may operate either as an infiltration condition, by specifying a constant inflow rate, or as a 
constant pwp condition. Consequently, for the determination of the boundary condition, a flow 
rate, 𝑞𝑛𝑏, and a pwp, 𝑝𝑓𝑏, need to be specified along the boundary. The prescribed flow rate 𝑞𝑛𝑏 
may be set equal to the measured rainfall rate, while the pwp 𝑝𝑓𝑏 may be set equal to a given 
realistic value.  
The numerical algorithm compares the pwp at boundary nodes at the beginning of every 
increment to 𝑝𝑓𝑏. If it is found to be more tensile than 𝑝𝑓𝑏, an infiltration boundary condition is 
applied, employing the specified flow rate, 𝑞𝑛𝑏. Infiltration is also applied when at the beginning 
of the increment the flow rate across the boundary exceeds the prescribed value.  
Alternatively, if the pwp at the beginning of the increment is more compressive than 𝑝𝑓𝑏, then a 
constant pwp equal to the latter is imposed. In order to maintain the prescribed pore pressure at 
the boundary, a portion of the specified infiltration is applied, while the rest is considered as run-
off and, since the resulting flow occurs outside the FE mesh, is disregarded.  
Typically, 𝑝𝑓𝑏 is set to 0.0 kPa, allowing suctions to be fully eliminated as a result of intense 
rainfall, but preventing compressive pwp’s to build up at the ground surface. Nonetheless, the 
latter situation is desirable when modelling surface ponding and, therefore, compressive values 
of 𝑝𝑓𝑏 are acceptable. Finally, tensile values of 𝑝𝑓𝑏 can be employed to prevent total loss of 
suction.  
The main advantage of adopting the precipitation rather than the infiltration boundary condition 
is that ponding and run-off cannot be modelled with the latter. However, employment of the 
precipitation boundary condition is not straightforward; depending on the flow rate and on the 
soil permeability, conditions may change during an increment of the FE analysis, for one or 
more nodes, so that a switch of boundary condition is required. In that case an algorithm that 
can automatically split the current increment into sub-increments is required. Such an 
automatic-incrementation algorithm is described in detail in Smith (2003).  
Problem description  
Geometry, soil stratigraphy and FE discretisation 
For the purposes of this study a typical 10 m deep excavation in London clay was considered, 
as illustrated in Figure 2 (a). The excavation depth and slope (2 horizontal:1 vertical) are 
common in cut slopes in London clay. The depth of the clay above the chalk bedrock was 
assumed to be 50m. As discussed subsequently, the excavation was performed in an initially 
highly vegetated area. The combined effect of vegetation and precipitation is known to cause 
large variations in the pwp’s in the superficial soil layers, with high suctions developing during 
the summer months which subsequently disappear during the wetter winter months. As drying 
of the soil is likely to cause desiccation, the London clay was considered weathered to a depth 
of 3m. Smethurst et al. (2012) report that the London clay in a similar cut slope in Newbury, UK, 
is naturally weathered to 2.5 to 3 m below the original ground surface.  
The effect of vegetation on the stability of this cut slope was investigated in a set of fully coupled 
consolidation, plane strain FE analyses. The FE mesh illustrated in Figure 2 (b) was employed 
and consists of isoparametric, quadrilateral 8-noded solid elements.  There are two 
displacement degrees of freedom at each node, whereas pwp degrees of freedom were only 
assigned to the corner nodes, so that the pwp’s, like the stresses, variy linearly across the 
element.  
 
 
Figure 2: (a) Problem geometry and soil stratigraphy; (b) FE mesh and displacement and hydraulic boundary 
conditions 
 
(a) 
(b) 
Soil properties and model parameters 
The soil stratigraphy in Figure 2 (a) consists of weathered and unweathered London clay. 
During excavation the 3 m of weathered clay are removed and the layer remaining at the crest 
of the slope and beyond is expected to have little effect on slope stability, as far as its 
mechanical characteristics (i.e. strength and compressibility) are concerned. On the contrary, its 
permeability is expected to have a significant influence on slope stability as it will affect the 
progression of pwp’s within the entire deposit and will alter the steady-state pwp regime in the 
long-term. This is clearly illustrated in a preliminary analysis presented and discussed 
subsequently.  
The mechanical behaviour of the unweathered and weathered London clay layers was modelled 
with a Mohr-Coulomb constitutive model, not accounting for the strain softening. A cohesion of 
7kPa and an angle of shearing resistance of 23o was adopted, while zero dilation was assumed 
(see also Table 1). Similar values have been employed in the past by Kovacevic et al. (2007).  
The constitutive model was used in combination with the Imperial College generalised small-
strain stiffness model (ICG3SM) of Taborda et al. (2016) (model parameters also in Table 1), 
which is required for the assessment of the slope’s serviceability. The bulk and tangent shear 
stiffnesses and their degradation with volumetric and deviatoric strain, respectively, was similar 
to those employed by O'Brien et al. (2004) for London clay, as illustrated in Figure 3.  
Values of the average isotropic permeability 𝑘0 for unweathered and weathered London clay in 
Newbury (from borehole bail-out tests as explained in Smethurst et al. 2012) were employed in 
the current study (see Table 2). Two different variable permeability models were adopted 
herein. Permeability of the unweathered clay was assumed to vary with mean effective stress, 
according to the following equation:  
𝑘 = 𝑘0𝑒
𝑎𝑝′ (2) 
 
where 𝑎 is a fitting parameter controlling the effect of increasing 𝑝′ on the observed reduction in 
permeability 𝑘0 and is taken as 0.007m
2/kN. The parameters fit the measured permeability 
profile with depth employed in previous studies of Kovacevic et al. (2007) and Tsiampousi et al. 
(2014).  
Table 1: Constitutive and small strain stiffness model parameters  
Constitutive model (Mohr-Coulomb) 
Angle of 
shearing 
resistance, 𝝋′ 
(degrees) 
Cohesion, 𝒄′ 
(kPa) 
Angle of dilation, 
𝒗 
(degrees) 
Young’s 
modulus, 𝑬 
(kPa) 
Poisson’s 
ratio, 𝝁 
( ) 
23o 7 0 30000 0.3 
Small strain stiffness model (Taborda et al., 2016) 
𝑮𝟎 
(kPa) 
𝑲𝟎 
(kPa) 
𝑮𝒎𝒊𝒏 
(kPa) 
𝑲𝒎𝒊𝒏 
(kPa) 
𝒎𝑮 
( ) 
𝒎𝒌 
( ) 
𝒂𝟎 
( ) 
𝑹𝑮,𝒎𝒊𝒏 
( ) 
𝑹𝒌,𝒎𝒊𝒏 
( ) 
𝒓𝟎 
( ) 
𝒔𝟎 
( ) 
955 1665 2000 3000 0.7 0.7 1.81𝐸 − 4 5𝐸 − 2 7.9𝐸 − 2 3𝐸 − 4 1.1 
 
 
Table 2: Permeability model parameters 
Unweathered London clay (Eq. 2) 
Mass permeability, 𝒌𝟎 
(m/s) 
Coefficient, 𝜶 
( ) 
3.7*10-9  0.007 
Weathered London clay (Eq. 3) 
Mass 
permeability, 𝒌𝟎 
(m/s) 
Mass 
permeability, 
𝒌𝒎𝒂𝒙 
(m/s) 
Tensile total 
principal stress 
𝝈𝜯𝟏 
(kPa) 
Tensile total 
principal stress 
𝝈𝜯𝟐 
(kPa) 
4.3*10-8 4.3*10-6 0.0 100.0 
 Figure 3: Degradation of (a) Bulk stiffness with volumetric strain and (b) of Shear Stiffnesses with deviatoric strain.  
Under the effect of suction, tensile total stresses may lead to instigation of desiccation cracks 
within the soil, temporarily increasing its overall mass permeability. This is likely to occur in the 
summer months, when the demand for evapotranspiration exceeds rainfall infiltration. However, 
desiccation cracks developed during dry months close up during wetter months and 
permeability decreases in comparison to when the cracks are open. Cycles of drying and 
wetting may affect the overall permeability of the weathered layer, which is commonly higher 
than that of the unweathered clay. Although this has been accounted for when selecting the 
value of average isotropic permeability 𝑘0 for the weathered London clay (see also Table 2), the 
temporal variation of permeability with desiccation also needs to be considered. To this end, the 
variable permeability model described in Nyambayo (2003) was employed, according to which: 
log 𝑘 = log 𝑘𝑠𝑎𝑡 +
𝜎𝑇 − 𝜎𝑇1
𝜎𝑇2 − 𝜎𝑇1
log (
𝑘𝑚𝑎𝑥
𝑘0
) (3) 
where σT is the current tensile total principal stress and σT1 and σT2 are the tensile total 
stresses illustrated in Figure 4. The model predicts that the logarithm of permeability increases 
linearly with tensile total stress from the value 𝑘0  of average isotropic permeability when 𝜎𝑇 =
𝜎𝑇1, to 𝑘𝑚𝑎𝑥 when 𝜎𝑇 = 𝜎𝑇2, which is the maximum attainable value of isotropic permeability. 
The specific values of 𝜎𝑇1, 𝜎𝑇2 and 𝑘𝑚𝑎𝑥 adopted in the analysis are summarised in Table 2. 
 
Figure 4: Assumed variation of soil permeability with suction  
The above is limited to fully saturated soil states. With desaturation it is expected that the overall 
permeability of the unweathered soil will decrease as a function of the degree of saturation. In 
this case, desaturation and desiccation have an opposite effect. As London clay can withstand 
very high values of suction before desaturation occurs (air-entry values of suction as high as 
1MPa have been reported in the literature, e.g. Croney and Coleman 1954), the effect of 
desaturation has not been modelled here. Finally, the evapotranspiration properties employed in 
the analysis are summarised in Table 3. 
Table 3: Evapotranspiration properties 
Evapotranspiration properties 
𝑺𝟏 
Anaerobiosis 
point 
(kPa) 
𝑺𝟐 
 (kPa) 
𝑺𝟑 
 (kPa) 
𝑺𝟒 
Wilting point 
(kPa) 
0.0 5.0 50.0 1500.0 
 
Initial stresses 
At the commencement of the analysis (Increment 0), soil stresses were initialised employing a 
unit weight of 19.1 kN/m3 both above and below the ground water table. The coefficient of earth 
pressure at rest 𝐾0 was 2.1 at the surface, reducing to 0.6 at 15 m below ground level 
(Nyambayo 2003). Considering an initially horizontal ground, the ground water table (GWT) was 
1 m deep (see also Figure 2 (a)) and the pwp profile was hydrostatic, with suctions developing 
above the phreatic surface.    
Boundary conditions 
Stage 1: Initialisation of seasonal pwp’s (Years 1 to 9) 
As infrastructure cuttings may cross highly vegetated areas, earthworks would need to be 
performed after vegetation clearance has taken place at the affected sites. The presence of 
vegetation prior to the construction of such earthworks is expected to have altered the pwp 
regime within the ground and therefore the effective stresses and 𝐾0 profile (Tsiampousi et al. 
2014). These alterations need to be accounted for and the stresses at the time of the 
earthworks should be determined. To achieve this in the present study, the combined effect of 
vegetation and precipitation on the initially horizontal ground for a period of 9 years was 
simulated. The excavation was then performed during the 10th year, as explained subsequently.  
 Figure 5: Vegetation boundary condition for (a) stage 1 (years 1 to 9 years); (b) Stage 3(Years 10 to 19); (c) Stage 
4 (Years 20 to 29); (d) Stage 5 (Years 30 to 39). 
The displacement and general hydraulic boundary conditions (i.e. excluding vegetation and 
precipitation) employed throughout the coupled analysis are illustrated in Figure 2 (b), where the 
grey shaded area corresponds to the area to be subsequently excavated. The pwp’s at the 
interface with the chalk (bottom boundary of the FE mesh) remain unchanged whereas the two 
vertical side boundaries were considered impermeable. The vegetation and precipitation 
boundary conditions for the first 9 years are illustrated in Figure 5 (a) and Figure 6 (a), 
respectively. The water flow in this stage of the analysis remains one-dimensional (i.e. 
neglecting any regional gradient that may be present and any irregularities in vegetation and 
associated transpiration).  
The purpose of the first stage of the analysis was to establish a pwp and stress regime which 
reflect the effect of precipitation and evapotranspiration. As the study is generic, in that it does 
not aim at reproducing any particular excavation but to provide general insight into the 
behaviour of cut slopes, average long-term monthly rainfall data were incorporated in the 
analysis. These are illustrated in Figure 7 and were obtained from 1971 to 2000 from 
Greenwich, London. Potential evapotranspiration, although more difficult to quantify, exhibits 
small yearly differences. Potential evapotranspiration rates from April 2008 to March 2009, 
calculated with the FAO Penman-Monteith method (Allen et al. 1998) for deciduous trees, were 
used in the analysis and are also presented in Figure 7. The maximum root depth was 2m. Both 
precipitation and potential evapotranspiration data were applied monthly and the typical year, 
starting in April as in Figure 7 , was repeated 9 times to reproduce 9 years.  
 
 Figure 6: Precipitation boundary condition for (a) stage 1 (years 1 to 9 years); (b) Stages 3, 4 and 5 (Years 10 to 
39) 
 
Figure 7: Precipitation, potential evapotranspiration and net rates for a typical year (negative values of net rates 
indicate that potential evapotranspiration exceeds precipitation rates) 
 
Stage 2: Excavation 
The excavation was performed in the 10th year of the analysis. Two scenarios were considered: 
in the first one the excavation took place at the end of March of Year 9 (end of wet period) and 
in the second one at the end of August of Year 10 (end of dry period). In both cases, excavation 
was fast and, given the low permeability of the soil, essentially undrained. This was simulated 
by appropriately reducing the time step in the fully coupled analysis. Further changes of the 
pwp’s during this stage were solely due to excavation.  
Stage 3: Low evapotranspiration demand (Years 10 to 19) 
In the subsequent analysis only the first scenario (excavation at the end of March), which is 
subsequently shown to be the most critical one, was further considered. The vegetation and 
precipitation boundary conditions for this stage are illustrated inn Figure 6 (b) and Figure 6 (b), 
respectively. Dense vegetation was preserved at a distance of 10m from the slope crest. The 
monthly evapotranspiration rates shown in Figure 7 were applied and a maximum root depth of 
2m was maintained. The remaining area and up to a vertical distance of 1.5m from the bottom 
of the excavation was assumed to be planted with low evapotranspiration demand vegetation 
(e.g. shrubs and bushes). For simplicity, evapotranspiration rates were assumed to be half of 
those in Figure 7. Although the evapotranspiration rates prescribed were the same on a yearly 
basis, the maximum root depth was assumed to increase gradually from an initial value of 0.1m 
to a final value of 0.5 in 3 years. Root depth increase was modelled to occur only during the 
dryer season, from April to August inclusive. Details are given in Table 4.  
The precipitation rates applied behind the crest of the slope were the same as in Figure 7 
whereas on the slope only 50% of the precipitation in Figure 7 were applied, assuming that a 
drainage system was in place, capable of capturing and removing 50% of rainfall. This is 
illustrated schematically in Figure 6 (b). Finally, the precipitation rate at the bottom of the 
excavation was set to zero, as was the reference value of pwp, 𝑝𝑓𝑏, at which the conditions 
change from applied infiltration to prescribed pwp. Assuming that this is a railway slope, a layer 
of track ballast would be placed at the bottom of the excavation beneath the train tracks, in a 
thin layer of negligible stiffness and high permeability, so that after the first rain, a nearly zero 
pwp was maintained at the top of the clay.  
Table 4: Maximum root growth 
Analysis stage 3 (Years 10 to 19) Analysis stage 4 (Years 20 to 29) 
Time period 
(Month/Year) 
Maximum 
root depth 
(m) 
Time period 
(Month/Year) 
Maximum 
root 
depth 
(m) 
April to May/Year 10 0.10 Year 20 0.75 
June to July/Year 10 0.15 Year 21 1.00 
August/Year 10 to 
March/Year 11 
0.20 Year 22 1.25 
April to May/Year 11 0.25 Year 23 1.50 
June to July/Year 11 0.30 Year 24 1.75 
August/Year 11 to 
March/Year 12 
0.35 Years 25 to 29 2.00 
April to May/Year 12 0.40   
June to July/Year 12 0.45   
August/Year 12 to end of 
Year 19 
0.50   
 
On the slope and the behind the crest, 𝑝𝑓𝑏was set to 10kPa of suction. This value was selected 
so that a minimum suction, roughly corresponding to a 1m deep GWT, would be maintained in 
the original and sloping ground, where vegetation was present. This assumption has an 
important practical implication: if suctions are allowed to disappear altogether in the vegetated 
area, the potential evapotranspiration function α becomes and remains zero (see also Figure 1 
b). This in essence cancels out any future effect that vegetation may have, leading to 
unrealistically high pwp’s, which may falsely trigger slope instability.   
The above combination of climatic boundary conditions was applied for a total of 10 years (i.e. 
years 10 to 19 of the analysis).   
Stage 4: High evapotranspiration demand (Years 20 to 29) 
Following the end of March of Year 19, the analysis entered a new stage, to simulate the growth 
of high evapotranspiration demand trees on the slope, as illustrated in Figure 5 (c). For 
simplicity, the potential evapotranspiration rates reported in Figure 7 were applied on the slope, 
where low vegetation was previously present. The root depth was modelled to increase 
gradually from 0.5m in Stage 3 to 2m during Stage 4 in a total of 5 years, as summarised in 
Table 4. All other boundary conditions, including the precipitation boundary conditions illustrated 
in Figure 6 (b), were unchanged. Stage 4 lasted for a total of 10 years (i.e. years 20 to 29 of the 
analysis).  
Stage 5: Vegetation clearance (Years 30 to 39) 
Finally, at the end of March of Year 29 the vegetation on the slope was cleared. As discussed 
subsequently, dense vegetation (stage 4) is associated with serviceability problems and one 
remedial measure would be to clear vegetation altogether. In stage 5, the precipitation boundary 
condition remained unchanged in comparison to Figure 5 (d), and any changes refer only to the 
vegetation boundary condition. This was altered in the area indicated in Figure 5, so that the 
maximum root depth was decreased to 0.1m and the potential evapotranspiration rates to 10% 
of those in Figure 7. The purpose was to model low and sparse vegetation on the slope, 
extending 10m behind the crest. Such dramatic decrease in potential evapotranspiration 
following vegetation clearance implies that potential evaporation rates are also small, which 
would be expected for, e.g., a north-facing slope. Considering that half of the excavation is 
modelled (the left-hand-side vertical boundary is an axis-of-symmetry), if this is assumed to be a 
north-facing slope, its mirror image would be south-facing and evaporation rates there would be 
significantly larger. Although the problem would no longer be symmetric, clearly the north-facing 
slope would be the critical one in terms of stability. The above boundary conditions were applied 
for a total of 10 years (i.e. years 30 to 39 of the analysis).  
Factor of safety and failure definition 
To obtain the factor of safety (FoS) against failure and its variation with time, a number of 
secondary FE analyses were performed. The secondary analyses were initiated at appropriate 
increments of the main fully coupled analysis but consolidation was switched off and pwp’s were 
not allowed to change (drained analyses). In this way, time and pwp were frozen and the FoS 
was obtained for a particular time instance. Repeating the process at various, appropriately 
selected time instances, the variation of FoS with time of the main, fully coupled analysis was 
obtained.  
The strength reduction technique explained by Potts and Zdravkovic (2012) and Tsiampousi et 
al. (2013) was employed for the calculation of the FoS. In summary, the characteristic value of 
the angle of shearing resistance is gradually reduced by an increasing material strength factor, 
𝐹𝑠: 
tan𝜑𝐹𝑠 =
tan𝜑′
𝐹𝑠
 (4) 
The value of 𝐹𝑠 is incrementally increased from 1, until slope failure is achieved, thus obtaining 
the overall factor of safety (FoS) for the slope. Failure was primarily established by studying the 
vectors of incremental displacement which had to give clear evidence of a fully developed 
failure mechanism (e.g. Figure 11 a and b), in combination with non-convergence of the 
subsequent analysis increment.  
 
Preliminary failure analyses of a benchmark slope 
Prior to investigating the effect of pwp variation on the stability of the slope presented above, 
preliminary analyses were completed to study the short and long-term FoS of a similar cut 
slope, where soil-atmosphere interaction was entirely disregarded. Therefore, at the 
commencement of the excavation, the stresses were calculated from the soil unit weight and 𝐾0 
profile and the pwp’s were hydrostatic with depth (GWT at 1m). The displacement and hydraulic 
boundary conditions prescribed are illustrated in Figure 8. Once again, excavation was fast and 
excess pwp’s developed, which were subsequently allowed to fully dissipate in order to obtain 
long-term, steady-state conditions.  
Two cases were examined: in the first, the layer of weathered London clay was simulated as 
described above; in the second, this was absent and the ground consisted of a homogenous 
layer of unweathered London clay. For both cases, the FoS was calculated in the short- (end of 
excavation) and in the long-term. Although the short-term FoS was the same for both cases 
(𝐹𝑠 = 1.51), the two analyses yielded different FoS in the long-term, highlighting the significance 
of the weathered layer. When this was not present, the FoS reduced to 1.12 in the long-term, 
whereas when this layer was modelled, the slope failed some 25 years later, just as the pwp’s 
were about to reach steady-state. The values of FoS calculated are summarised in Table 5. 
The difference in the long-term FoS of the two slopes arises from the different steady-state 
pwp’s developed in the two analyses: although the short-term (undrained) pwp’s were alike and 
the hydraulic boundary conditions prescribed were identical, the higher permeability of the 
weathered layer gave rise to a much shallower steady-state GWT behind the slope. This is 
shown in Figure 9. The short- and long-term values of FoS calculated from the preliminary 
analyses can be seen as upper and lower bounds when soil-atmosphere interaction is 
neglected. Often, this is thought to be the case for a non-vegetated slope. In reality, however, 
slopes interact with the environment even in the absence of vegetation, as rainfall and 
evaporation produce seasonal changes of pwp’s.   
 
 
Figure 8: Boundary conditions for benchmark slope 
 
 
Figure 9: Short- and long-term position of the GWT 
 
Effect of seasonal pwp variations 
Stage 1: Initialisation of seasonal pwp’s (Years 1 to 9) 
During Stage 1, 9 years of soil-atmosphere interaction were simulated prior to excavation. 
During this period pwp’s gradually reduced from their initially prescribed hydrostatic distribution 
with depth, as illustrated in Figure 10. The figure shows the pwp profile for August and March of 
Years 5, 7 and 9. The two months were selected on the basis that the most tensile pwp’s 
(suctions) were systematically observed at the end of August, while the most compressive 
pwp’s were obtained each year at the end of March. In August Year 5 pwp’s have changed 
significantly from the initial hydrostatic distribution, with further change occurring until August 
Year 7. However, there are only insignificant changes in the next two years, with August profiles 
for Years 7 and 9 plotting very close to each other. March profiles for Years 5, 7 and 9 also 
show little difference. A seasonal variation of pwp’s with depth which repeats itself year after 
year seems to have been more or less established after 9 years.  
It is clear that under the combined effect of rainfall and evapotranspiration, the GWT was 
lowered from the initial 1m of depth to about 8m, well within the unweathered London clay. 
Suctions develop in the top 8m during the drier summer months, when the demand for 
evapotranspiration exceeds precipitation rates. In the wetter winter months, pwp’s are visibly 
higher and become hydrostatic in the weathered layer of London clay. However, within the 
unweathered London clay, pwp’s remain smaller than hydrostatic despite the fact that suctions 
disappear altogether. The seasonal effect of vegetation extends to about 8m of depth, greatly 
exceeding the maximum root depth, which was set to 2m. For depths greater than 8m there is 
no seasonal variation of pwp’s, which, however, remain lower than hydrostatic throughout. This 
is an outcome of the negative total net rate (Figure 7) and of the one-dimensional flow (see 
hydraulic boundary condition in Figure 5). The rate of change of pwp’s with depth is visibly 
different in the weathered and unweathered clay layers, due to their different permeability 
models. 
 
Figure 10: (a) August and March pwp’s profiles for Years 5, 7 and 9 of the analysis; (b) zoom-in top 15m depth 
(suctions are shown as positive) 
Scott et al. (2007) showed that the highest suctions develop at the end of summer and the 
largest compressive pwp’s are usually encountered at the end of winter. According to Scott et 
al. (2007), suctions are likely to disappear during winter in grass covered areas, but can remain 
around high water demand trees. Additionally, O'Brien (2007) reported values of suction 
collated from the literature in the range of 200 to 400kPa over a depth of 3 to 4m for high water 
demand trees. Given that local measurements of pwp’s depend highly on regional climatic data, 
vegetation type and soil permeability, the suction range and depth of pwp’s predicted in the 
analysis, as well as their seasonal variation are thought to be reasonable.   
 
 
Figure 11: (a) Vectors of incremental displacement for the last converged increment of the FoS analysis when the 
excavation is performed at the end of March and (b) at the end of August; (c) comparison of failure mechanisms;  
(d) contours of pwp’s, end of March; (d) contours of pwp’s, end of August (suction positive) 
 
Stage 2: Excavation 
As explained earlier, two scenarios were considered regarding the time at which the excavation 
was performed: in the first scenario it took place at the end of March of Year 9, giving a short-
term FoS of 2.11, while in the second scenario the excavation was performed at the end of 
August of Year 10, with a short-term FoS of 2.85 (see also Table 5). Both values compare 
favourably to the short-term FoS calculated for the benchmark slope (𝐹𝑠 = 1.51), indicating that 
the depressed pwp’s which result from soil-atmosphere interaction prior to the excavation, have 
a beneficial effect on subsequent slope stability. This is because tensile excess pwp’s 
generated during the excavation are added to the already lowered pwp’s, enhancing short-term 
stability. Clearly, the lower the pwp’s at the time of the excavation, the greater the benefit, as 
evident from the larger FoS obtained in August. 
Figure 11 illustrates the vectors of incremental displacement for the last converged increment of 
the FoS analyses when the excavation is performed at the end of March (Figure 11 a) and at 
the end of August (Figure 11 b). It should be noted that it is the relative magnitude of the vectors 
that is of importance and signifies failure. The failure mechanisms obtained and the position of 
the zero pwp contour at the end of excavation for the two scenarios are compared in Figure 11 
(c). It is clear that the failure surface is significantly deeper when the excavation is performed at 
the end of August. The position of the GWT at the area of interest is not very dissimilar in the 
two analyses, especially considering that failure initiates at the toe of the slope. Nonetheless, 
the contours of pwp’s shown in Figure 11 (d) and (e) for the two analyses indicate that higher 
suctions are present at the end of August, justifying the higher FoS calculated and the deeper 
failure surface obtained.  
Stage 3: Low evapotranspiration demand (Years 10 to 19) 
In subsequent analysis stages only the first scenario (excavation at the end of March) was 
further considered. Stage 3 studied the effect that low evapotranspiration demand vegetation 
has on the stability of the slope once it has been formed. The FoS variation with time is shown 
in Figure 12. The horizontal axis is the sub-accumulated value of time measured in months from 
the end of excavation. The symbols in the figure correspond to results obtained from FoS 
analyses. The FoS was calculated bi-annually for the first 9 years, at the end of August and at 
the end of March, and monthly for the final year of this stage (Year 19), confirming that the 
maximum FoS value corresponds to August and the minimum to March. The short-term FoS for 
the benchmark slope is also shown in the figure for reference.  
 
Figure 12: Variation of FoS with time of the vegetated slope 
 
Initially, an increase of 0.4 in the FoS was obtained during the first summer (Year 10) following 
the end of the excavation. During the subsequent winter, the FoS decreased by about 1 to just 
below 1.5. The increase seen in the FoS during the summer of Year 11 was not sufficient to 
compensate for the decrease in the preceding winter. A similar pattern was obtained for all 10 
years of this stage, and an overall decrease in the FoS can be observed. This can be attributed 
to the combined effect of slope-atmosphere interaction and the dissipation of tensile excess 
pwp’s developed during undrained excavation. Nonetheless, the decrease in the mean annual 
value of FoS with time reduces steadily and seems to be about to reach a plateau. This is 
probably the outcome of applying average monthly rainfall and potential evapotranspiration 
rates. Although the latter are unlikely to vary significantly from year to year, this is not the case 
with the former. A particularly dry year would improve stability, whereas a particularly wet year 
could potentially bring the slope to failure. It is reminded that failure occurred in the benchmark 
slope when the weathered layer of London clay was present some 25 years after the 
excavation, just as the pwp’s were about to reach steady-state.  
Stage 4: High evapotranspiration demand (Years 20 to 29) 
In Stage 4, the slope was covered in dense vegetation of high evapotranspiration demand. It 
was assumed that a total of 5 years was required for the roots to reach their maximum depth of 
2m. A large increase in the FoS was seen during the first summer of this stage (Year 20 of the 
analysis) and a much smaller decrease was observed in the following winter (see Figure 12). A 
similar pattern, with increase in FoS during summer being larger than the decrease observed 
during winter, was repeated year after year, leading to an overall increase in FoS. The changes 
in the FoS were larger in the first half of the current stage, with the mean annual value of FoS 
tending towards a plateau at the end of this stage. It is expected that the overall trend in the 
variation of FoS with time is driven by the combined effect of the increased demand for 
evapotranspiration on the slope and the dissipation of any remaining excess pwp’s, which is 
naturally decreasing with time. It is, however, rather difficult to separate soil-atmosphere 
interaction from consolidation in the analysis and therefore their individual effect cannot be 
quantified. 
 Figure 13 illustrates the vertical displacements at the bottom of the excavation for Stages 3 and 
4 of the analysis. The displacements are sub-accumulated from the end of the excavation and 
indicate that significant heaving has taken place in the 20 years following the excavation. 
Although vertical displacements seems to be uniform during stage 3, with a maximum 
differential displacement of about 3 to 4cm, stage 4 is characterised by a continuous increase in 
differential displacement, which by March of Year 25 (i.e. after 6 years of dense vegetation) 
exceeds 10cm. During Stage 3, displacements at the bottom of the excavation are mainly 
caused by dissipation of excess pwp’s generated during excavation. During Stage 4, when 
dense vegetation establishes itself and demand for evapotranspiration increases, settlement is 
observed around the toe of the excavation in relation to March of Year 19, which is the last 
month of Stage 3. The amount of settlement at the toe increases every summer, while the 
amount of heaving at the central line (CL) of the excavation increases every winter, leading to 
large differential vertical displacements.  
In fact, it seems that during the drier months part of the vertical displacement at the CL 
(heaving) is recovered. This is more clearly shown in Figure 13 (c) which illustrates vectors of 
displacement sub-accumulated from March of Year 28 to August of Year 29 (i.e. last dry period 
of Stage 4). High potential evapotranspiration and low precipitation rates on the slope and 
horizontal ground behind the crest during summer cause generalised shrinkage. This seems to 
affect the displacements at the bottom of the excavation and a small amount of settlement is 
observed at the CL. During the subsequent wet period (August of Year 29 to March of Year 29), 
generalised swelling is observed on the slope and crest (see Figure 13 d), as precipitation rates 
exceed potential evapotranspiration rates. Again, displacements at the bottom of the excavation 
are also affected, and a small amount of heave is seen at the CL. As a result, differential 
displacements in Figure 13 (b) appear to be increasing every winter, albeit at a reducing rate, 
and to be slightly decreasing during summer, although the actual trigger (i.e. increased 
shrinkage at the toe) first appears in the dry, summer months.  
Differential displacements are often associated with serviceability problems, in particular with 
railway lines, causing delays and disruption of the normal service. The results of the analysis 
indicate that, in agreement with what has been reported in the literature (e.g. O'Brien 2007), it is 
indeed the presence of dense vegetation that induces such problems, highlighting the need for 
vegetation management. Also, serviceability problems first appear at the end of summer and in 
the absence of any remedial measures persist throughout the year and become more severe 
with time.  
 Figure 13: Vertical displacements at the bottom of the excavation (positive sign indicates heaving); (a) at stage 3 and (b) at 
stage 4 of the analysis, sub-accumulated from the end of the excavation; and vectors of displacements sub-accumulated 
during (c) the last dry period of stage 4 and (d) during the last period  of stage  4
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Stage 5: Vegetation clearance (Years 30 to 39) 
The option of clearing the dense vegetation from the slope, in the hope of addressing potential 
serviceability problems, was studied in Stage 5 of the analysis. Despite the significant reduction 
in evapotranspiration demand, the FoS slightly increased by August of Year 30 (i.e. the first 
summer following vegetation clearance), as shown in Figure 12. Although rainfall rates are now 
higher than potential evapotranspiration rates, they are not high enough to eliminate the 
suctions that have developed during Stage 4. To a large degree this happened during the first 
winter of Stage 5 causing a sudden decrease in the FoS. Stability did not improve to any 
noteworthy extent during the subsequent summer, and winter of Year 31 saw the stability of the 
slope become and remain marginal. Failure is also indicated by the horizontal displacements in 
Figure 14 which correspond to a vertical line from the mid-slope to the top of the Chalk bedrock. 
These are sub-accumulated from the end of Year 29 to reflect the effect of vegetation 
clearance. A failure surface is clearly developing at a depth of about 4m soon after vegetation is 
cleared. Displacements accumulate each year in winter, as evident by the March profiles, and 
only partially recover during summer, as indicated by the August profiles. Deep seated failures 
on slopes with modest vegetation are not uncommon in the wet periods (O'Brien 2007). The 
analysis results indicate that although dense vegetation may be the cause of extensive 
displacements and serviceability problems, its removal may have wider implications, leading to 
loss of suction and slope failure. Similar conclusions have been drawn from field experiments in 
embankment slopes (Smethurst et al. 2012).   
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Figure 14: Horizontal displacements with depth (mid-slope to Chalk bedrock), sub-accumulated from the end of 
Year 29 (i.e. prior to clearance) 
Conclusions 
The paper discusses a generic, numerical study on the effect of seasonal pwp variations on the 
behaviour of cut slopes and the numerical tools necessary for such a study. For the purposes of 
the analysis, a typical cut slope in London clay was considered. Precipitation and potential 
evapotranspiration were modelled through the application of appropriate boundary conditions 
which can reproduce the effect of climate and vegetation on the pwp variation in a realistic 
manner. The analysis results suggest that the seasonal effect of climatic boundary conditions 
may exceed the maximum root depth. Depressed pwp’s at the time of an undrained excavation 
have a beneficial effect on subsequent slope stability. For this reason, it may be preferable to 
perform an excavation at the end of summer, when suctions are high, contributing to the soil 
strength and therefore to short-term stability.  
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Despite a seasonal fluctuation, the factor of safety against failure of the cut slope showed an 
overall reduction with time when the slope was covered with low water demand vegetation. 
Large heaving was predicted at the bottom of the excavation and was attributed to the 
dissipation of negative excess pore water pressures and associated swelling. Nonetheless, 
differential settlements were small. Vertical displacements became an issue of concern when 
the slope was covered in dense, high water demand vegetation. A significant increase in the 
factor of safety was calculated at the same time. When vegetation was cleared in the hope of 
addressing potential serviceability problems, stability issues arose, with a deep seated failure 
mechanism developing soon after. The analysis results highlight the need for a long-term 
strategy in terms of vegetation management, in order to achieve a balance between 
serviceability and ultimate limit states in cut slopes.  
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